the risk of mortality and infectious diseases (3) (4) (5) . The demonstration that VA supplementation of at-risk children 6 months to 5 years of age reduces mortality has led to broad advocacy for VA supplementation by the World Health Organization (WHO) and other agencies (6) . However, whether to recommend VA for infants <6 months of age is controversial (7) , and WHO has no policy regarding <6-month-old infants.
Physiologically, newborns begin life with tissue VA levels well below those of adults. Liver retinol concentrations have been reported to be <10 g/g liver (35 nmol/g) (8) , levels which, in older children and adults, would be considered deficient. Similar low concentrations have been observed in the livers of newborn rats (9) . Plasma retinol concentrations in infants are also low compared with adults, typically <1 M and often <0.7 M (10, 11); such concentrations would be interpreted as marginal or inadequate in older children or adults. At present, many questions remain regarding VA supplementation, including the impact of various modes of VA supplementation on the development of tissue VA reserves in the neonatal period.
In previous studies, we have used the rat as a preclinical model in which to determine the effects of VA supplementation on the kinetics and mass distribution of retinol, using methods of [ 3 H]retinol tracer analysis and compartmental modeling. In one of our previous studies, we investigated VA kinetics from postnatal day 4 (P4) to P18 in neonatal rats that were either unsupplemented (oil-treated and nursed by VA-marginal dams; control group) or treated 
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Vitamin A (VA) is a critical micronutrient for development (1, 2) , innate and adaptive immunity (3) , and growth and survival. VA deficiency in infants and children increases the male rats were removed from cages and the females were fed an AIN-93G diet (Research Diets, New Brunswick, NJ) modified to contain a marginal level of VA, 0.35 mg retinol equivalents per kilogram diet, which was selected to reduce the transplacental transfer of VA and the concentration of VA in colostrum and milk during lactation (9) . Mothers of D-VARA pups were fed VA-marginal diet throughout the study period. Mothers of M-VA pups were switched from VA-marginal to VA-adequate diet, containing 4 mg retinol equivalents per kilogram diet, on the day of birth of pups and fed this diet to the end of the study.
Preparation of the oral dose
The amount of VA in the D-VARA oral dose [6 mg/kg body weight (18) ] was based on the amount of VA provided as a supplement to human infants to reduce morbidity and mortality (50,000 IU/2.5 kg) (15) , while the amount of RA in the D-VARA dose (0.6 mg/kg body weight) was determined in previous studies to stimulate retinol uptake and esterification in neonatal lungs (19) . Retinoids for the oral dose (all-trans retinyl palmitate and all-trans RA) were purchased from Sigma-Aldrich (St. Louis, MO). Canola oil was used as the placebo and vehicle for delivering [ 3 H]retinol. The oil was admixed with 11,12-[ 3 H]retinol (Perkin-Elmer, Waltham, MA) so that the radioactivity in the oral dose was 0.2 Ci/l. A volume of 0.8 l/g body weight + 1 l for potential loss of the dose was given to each pup. Pups in the D-VARA group were pretreated with VARA twice, on P2 and P3, prior to administration of [ 3 H]retinol in oil on P4. Pups in the M-VA group were nursed by dams fed VA-adequate diet after parturition and were given the same amount of canola oil as placebo. On P4, pups in both groups received an oral dose of 11,12-[ 3 H]retinol in canola oil, identical to that given to control oil-placebo-treated pups previously (13, 14) . The dose was delivered directly into each pup's mouth via a small positive displacement micropipette (Gilson, Middleton, WI). For each pup, the pipette tip used for dosing was placed in a tube containing hexane and any visible oil left on pup's muzzle was blotted with a small "chip" of paper towel, which was extracted along with the pipette tip. Aliquots of each dose preparation were also extracted and analyzed for [ 3 H]retinol to determine the dpm value for 100% of the dose. Radioactivity in the ingested dose was calculated individually for each neonate based on the total dpm in the dose minus the dpm remaining in the pipette tip and paper chip combined. Immediately after dosing, the time was recorded and pups were returned to their mothers. Pups consumed mother's milk throughout the study.
Kinetic study
Groups of pups (n = 3 per time per group) were euthanized at 10 times after dosing, including several early times that were included to monitor VA absorption: 1 h, 4 h, 6 h, 8 h, 15 h, 1 day, 2 days, 6 days, 11 days, and 14 days. At each time, pups were weighed and euthanized with isoflurane (Phoenix Pharmaceutical, Saint Joseph, MO). Blood was collected from the vena cava into heparinized syringes, and tissues (liver, lungs, kidneys, stomach, intestine, and the remaining carcass) were excised and rapidly frozen in liquid nitrogen. Plasma was stored at 20°C; tissue samples were stored at 80°C until analysis.
Tissue analysis
The analytical procedure was similar to that reported previously (13, 14) . Briefly, an aliquot of each plasma sample (10-60 l) was transferred into a vial containing 4 ml of Scintiverse (Fisher Chemical) and analyzed for 3 H content by liquid scintillation spectrometry (LSC); counting was done to achieve a 1% counting orally with a combination of VA and its active metabolite, retinoic acid (RA), at 1/10 the dose of VA (VARA). The VA mass in the dose of VARA was chosen to resemble the administration of 50,000 IU of VA, a high-dose single supplement, in human infants (12) . [ 3 H]retinol was included in both the oil and VARA doses as a tracer. Based on plasma and tissue tracer data, whole-body retinol kinetics were determined using model-based compartmental analysis (13) (14) (15) . From the compartmental models, we obtained information on the transfer, turnover, storage, and disposal of retinol, as well as the contribution of different tissues to VA kinetics in unsupplemented and VARA-supplemented neonates. The single dose of VARA dramatically but transiently increased VA mass in neonatal plasma, liver, and lung, while it also stimulated the uptake of plasma VA into extravascular tissues (13) and markedly impacted the trafficking of VA in neonatal rats [e.g., it stimulated the uptake of newly absorbed VA carried by chylomicrons (CMs) into extrahepatic tissues (14) ].
The impact of direct and indirect VA supplementation on VA status and kinetics in neonates has not been compared. In the present study, we tested two methods of VA supplementation: direct supplementation of the neonate (D-VARA), and an indirect treatment through switching the diet of the VA-marginal dams to a VA-adequate diet after parturition (M-VA). The D-VARA neonates received direct oral treatment with VARA given twice prior to the administration of an [ 3 H]retinol tracer dose. Having previously observed that the effect of a single dose of VARA given simultaneously with [ 3 H]retinol tracer was transient (13) , we were interested, in the present study, in how D-VARA, which we predicted would build up tissue VA stores before administration of the tracer dose, would alter whole-body [ 3 H]retinol kinetics. In the second group, designated M-VA, the mother's diet was improved after the birth of her pups by feeding a VA-adequate diet throughout lactation. This strategy was based on previous studies in lactating rats in which it has been shown that dietary VA supplementation rapidly increases the concentration of retinyl esters in milk, with indirect effects on neonatal VA status (16) . It is also known that significant amounts of VA are transferred from mother to offspring during lactation so that the infant can rapidly build VA stores (17) . From a translational perspective, these approaches, direct and indirect supplementation, represent two very different modes of micronutrient delivery, and understanding their impacts on the neonate may help to inform the most effective means of VA supplementation in early life, with practical implications for VA supplementation in humans.
MATERIALS AND METHODS

Animals
Animal protocols were approved by the Pennsylvania State University Institutional Animal Care and Use Committee. Sprague-Dawley female and male rats were housed with continuous access to food and water and a 12 h light/dark cycle. After mating,
Model-derived parameters
Fractional transfer coefficients [L(I,J)s] are defined as the fraction of retinol in compartment J transferred to compartment I each day. L(I,J)s are parameters that define the behavior of the system. The following parameters were calculated from modelgenerated L(I,J)s (24): mean transit time [t(I)] or turnover time is the mean of the distribution of times that a retinol molecule entering compartment I spends there during a single transit before leaving reversibly or irreversibly; mean residence time [T(I,J)] is the average of the distribution of times that a retinol molecule spends in compartment I before irreversibly leaving it after entering the system via compartment J; recycling number [(I)] is the average number of times a retinol molecule recycles through compartment I before it irreversibly exits from compartment I; fractional catabolic rate (FCR) is the fraction of the retinol pool that is utilized each day. Parameters were then compared between groups.
Data interpretation
To interpret the effects of the D-VARA dosing and M-VA supplementation during lactation on VA status and kinetics in neonatal rats, we used data for the control group in our previous study (13, 14) as a reference. For all three groups, oil control, D-VARA, and M-VA, the tracer dose of [ 3 H]retinol was administered in canola oil. Therefore tracer kinetics in the three groups are comparable, differing only because of pretreatment with D-VARA or maternal dietary M-VA supplementation.
Statistical analysis
Data for tissue VA mass are reported as mean ± SEM. Differences among groups, P < 0.05, were determined by two-way ANOVA followed by a Bonferroni post test using Prism software (GraphPad, La Jolla, CA). Compartmental modeling was done using group mean data at each time ["super-pup" model (25) ]. For kinetic parameters, L(I,J)s are presented with estimated FSDs. Differences in L(I,J)s between groups, P < 0.05, were determined by using an unpaired t-test. Briefly, a t-statistic for each L(I,J) was calculated using the equation (Value 1  Value 2 )/square root (SEM 1 2 + SEM 2 2 ), which was then applied to the t-table to determine the P value.
RESULTS
VA mass in plasma, liver, lungs, and milk
Plasma retinol concentration in all three groups (Fig.  1A, B ) was relatively constant (0.9-1.5 M) throughout the study period. M-VA pups tended to have a higher plasma retinol concentration as compared with D-VARA pups from 1 day after dosing until the end of the study.
Liver total retinol (Fig. 1C , D) in the control group was less than 0.05 mol/g at all times, consistent with values for neonates of dams fed a VA-marginal diet. Pups pretreated with D-VARA had significantly higher liver retinol concentrations in the first 6 days after administration of the tracer of [ 3 H]retinol on P4 as compared with the control group, with an 6-fold increase at 1 h, 4 h, 6 h, 8 h, 15 h, 1 day, 2 days, and 6 days (P10) after dosing (all P < 0.01). However, the concentration of retinol then gradually decreased. In contrast, in M-VA pups, the liver total retinol concentration increased steadily with time until the end of the study and was significantly higher (4-to 8-fold) than that in the control error (20) . Another aliquot of plasma (25-100 l) was saponified and analyzed for total retinol concentration by ultra-performance LC (UPLC) (13, 14) . Portions of tissues were cut, weighed, and homogenized in 100% ethanol using a glass homogenizer; samples were incubated in ethanol for at least 1 h and then lipids were extracted into 6 ml hexane containing 0.1% butylated hydroxytoluene. After centrifuging the tubes, each upper hexane phase was removed into a new vial. The extraction with hexane/ butylated hydroxytoluene was repeated and the two extracts were pooled. Solvent was evaporated under argon. For liver and lung tissues, a measured portion of the extract was taken for analysis of radioactivity by LSC and a portion was used for saponification and analysis of total retinol by UPLC. Previous studies have shown that, in liver and lung (18, 19, 21) , >90% of total retinol is esterified and thus the values reported here for total retinol in these tissues represent mostly retinyl esters. For other tissues, all of the extract was evaporated to dryness and analyzed for 3 H radioactivity by LSC. Before the stomach was processed, the milk curd was gently squeezed out, extracted, and analyzed for total retinol (also mostly esterified retinol) by saponification and UPLC.
Calculation of fraction of the oral dose in plasma
The fraction of the ingested dose remaining in plasma at each sampling time for each pup was calculated as total radioactivity (dpm) in plasma divided by the radioactivity in the administered dose, as determined for each individual pup as described above. Total 3 H dpm in plasma was calculated from the measured plasma tracer concentration at each time × estimated plasma volume, where plasma volume was calculated as pup's body weight × 0.035 ml plasma per gram body weight. The fraction of the ingested dose remaining in a given tissue was calculated from the total dpm contained in that tissue divided by the dpm in the ingested dose for that pup.
Compartmental modeling
Model-based compartmental analysis was applied to the tissue tracer response profiles (mean fraction of the ingested dose at each time for each group vs. time after dose administration) for neonatal rats in both groups using the Windows version of the Simulation, Analysis and Modeling software (WinSAAM) (22) . Compartmental models of VA kinetics in neonatal rats developed in our previous study (13, 14) were used as the initial proposed models for the current analysis. The models are described in the Results.
Plasma and tissue tracer data were analyzed in light of the proposed models using WinSAAM until a satisfactory fit was obtained between observed and model-predicted values. Briefly, model parameters (fractional transfer coefficients; see below) were iteratively adjusted until a close fit was obtained, as judged by visual inspection of the simulated tracer data plot and by statistical analysis, including the sum of squares from weighted nonlinear regression analysis and the estimated fractional standard deviation (FSD) for each kinetic parameter. When necessary, the model structure was also adjusted. An F-statistic (23) and the Akaike Information Criterion (23) were used to statistically test whether increases in model complexity were statistically justified. Model complexity was increased only when it resulted in a significant improvement in the sum of squares, as determined by an F-statistic and reduced Akaike Information Criterion by more than 1-2 units. Once a satisfactory fit was achieved, final estimates of the fractional transfer coefficients [L(I,J)s] and their statistical uncertainties were generated by nonlinear regression analysis in WinSAAM. Parameters were considered well-identified if their estimated variability (FSD) was less than 0.5. group (all P < 0.01 at 15 h, 1 d, 2 days, 6 days, 11 days, and 14 days after dosing). Thus, whereas both the D-VARA pretreatment of the neonate and indirect M-VA treatment improved liver VA content in the neonate, compared with the VA-marginal state, the kinetics were different, with D-VARA resulting in only a transient increase in liver VA stores, while M-VA treatment resulted in a gradual steady accumulation of VA in the neonatal liver.
The radioactivity in the lungs in both the D-VARA and M-VA groups declined to a level similar to that in the control group by the end of the study.
In the kidneys (Fig. 2D ), 3 H in the control group was higher than in either treatment group at most time points. The fraction of the dose was much lower in the M-VA group from 2 days after dosing until the end of the study.
The maximum recovery of the dose remaining in the carcass ( Fig. 2E ), mainly composed of skin, bone, muscle, brain, heart, and adipose tissue, was 11, 46, and 18% in the control, D-VARA, and M-VA groups, respectively. The fraction of the ingested 3 H dose in carcass from 2 days to 11 days after dosing was much lower in the M-VA group compared with the control group.
In the stomach (Fig. 2F ), about 35% of the tracer was found 1 h after dose administration in all groups. Tracer disappeared rapidly from the stomach in all groups, such that, at 2 days after dosing, the percentage of the administered dose in the stomach was only 0.2%.
For the intestine (Fig. 2G ), 3 H increased in the first several hours after dose administration in the control and D-VARA groups and, at the peak, the fraction of the administered dose reached 4.3 and 40%, respectively. This rise in the radioactivity, however, was not observed in the M-VA group, in which radioactivity was highest (29% of dose) at the earliest point and then steadily declined.
Retinol turnover and recycling as determined by plasma tracer kinetics
A multi-compartmental model of VA kinetics as viewed from the plasma space, described in detail in (13) , was developed based on the plasma tracer responses of neonates in each treatment group. The plasma view model provides information on the transfer, turnover, and disposal of retinol. The structure of our plasma view model, as previously determined for oil and VARA-treated neonates studied previously (13) , is shown in Fig. 3A . The flow from compartment 1 (the site of input of [ 3 H]retinol and dietary VA) to compartment 4 represents the processes of VA digestion, absorption, CM production, and metabolism. Delay element 3 corresponds to the time required for CM production before CMs are secreted into plasma; compartment 10 represents newly absorbed retinyl esters in plasma CMs; and delay element 15 corresponds to CM metabolism before the uptake of CM retinyl esters into liver and extrahepatic tissues, which is represented by compartment 4. After the processing of VA, protein-bound retinol, presumably on retinol-binding protein (RBP), is secreted into plasma (compartment 5). Compartment 5 represents retinol-RBP in plasma; this VA exchanges with VA in one extravascular pool (compartment 6); compartment 6 is the site of irreversible loss of VA. To obtain a good fit of the plasma kinetic data to the model for the D-VARA and M-VA groups, only changes in model parameters, but no change in the model structure, were necessary. Based on visual inspection, it is evident that the model provided a good fit to plasma tracer data for both groups (Fig. 3B ).
Selected parameters derived from the plasma view model are shown in Tables 1, 2. Listed in Table 1 are Treatment effects on neonatal lung total retinol ( Fig. 1 E, F) resembled those for liver. D-VARA dramatically increased lung total retinol in the first 6 days after tracer administration, reaching 40to 80-fold higher as compared with the control group (all P < 0.01 at 1 h, 4 h, 6 h, 8 h, 15 h, 1 day, 2 days, and 6 days). However, by day 11, lung retinol concentration in the D-VARA group had declined to the same level as that in the control group. M-VA supplementation gradually and more moderately increased neonatal lung total retinol concentration and the increase was significant (P < 0.05) at 6 days, 11 days, and 14 days after dosing, as compared with the control group.
The total retinol concentration in the ingested milk is shown in Fig. 1 G, H for the D-VARA and M-VA groups. Milk VA concentration in the M-VA group increased from the beginning to the end of the study (P < 0.01 at all times, as compared with the D-VARA group), and as compared with previous measurements of milk VA in neonates of dams fed a VA-marginal diet (26) , which was comparable to our control group.
Kinetics of tissue VA
Data on the fraction of the [ 3 H]retinol dose remaining in plasma, liver, lungs, stomach, intestine, kidneys, and carcass versus time after dose administration are plotted semi-logarithmically in Fig. 2 . Radioactivity in plasma ( Fig.  2A) rose quickly during the first 4 h after dose administration, with the absorption peak at 4 h, at 3.9, 2.7, and 3.0% of the administered dose in the control, D-VARA, and M-VA groups, respectively. After that, tracer rapidly disappeared from plasma, when there was a leveling off of the plasma tracer response curve, which reflects the recycling of retinol among plasma, liver, and extrahepatic tissues. Radioactivity further declined into a terminal slope, which represents the disposal of retinol. VA supplementation, whether directly as pretreatment with D-VARA or indirectly as M-VA treatment throughout the nursing period, decreased the fraction of the [ 3 H]retinol dose in plasma; however, the curves differed between groups. In M-VA pups, there was a dramatic decrease in the fraction of the [ 3 H]retinol dose in plasma from 6 h after dosing until the end of the study. Worthy of note is that plasma radioactivity was nearly constant in the control group from 2 to 6 days, while a constant period was not observed for either the D-VARA group or the M-VA group.
In the liver (Fig. 2B) , 3 H increased steadily until 2 days after dosing in the control and D-VARA pups, whereas it peaked in M-VA pups at 15 h after dosing. The maximum recovery of radioactivity in liver was 18, 36, and 31% in the control, D-VARA, and M-VA pups, respectively. The fraction of the 3 H dose remaining in liver at all time points was greatly increased by both the direct and indirect modes of VA supplementation.
In the lungs (Fig. 2C) , 3 H increased within the first several hours and reached a peak 8 h after dosing in all groups. The maximum recovery of radioactivity in lung was 0.55, 1.43, and 0.82% in the control, D-VARA, and M-VA groups, respectively. After the peak, radioactivity decreased quickly and then remained relatively constant. fractional transfer coefficients [L(I,J)s] and their estimated FSDs of the models for three groups. L (6, 5) , the fraction of retinol in compartment 5 (plasma retinol-RBP) that is transferred to compartment 6 (extravascular VA) each day, was significantly higher in both treatment groups than in the control group. Mean transit times, residence times, FCRs, and recycling numbers for retinol in the three groups are shown in Table 2 . The calculated residence time in irreversibly lost when M-VA pups were nursed by mothers switched to the VA-adequate diet at parturition. The estimated (5), the number of times a retinol molecule recycles through plasma, indicated that retinol recycles 144 times through plasma before irreversible loss in control plasma [T(5,5); Table 2 ] for the control group indicates that a retinol molecule spends 2.4 days in plasma before irreversible loss. Prior treatment with D-VARA decreased the retinol residence time in plasma to 0.18 day. A retinol molecule spent only 0.06 days in plasma before it was The model is shown in Fig. 3 . a Shown are model-predicted fractional transfer coefficients [L(I,J)s] or fraction of retinol in compartment J that is transferred to compartment I each day (estimated fractional SDs in parentheses). b Significant differences (P < 0.05) from the oil group. c Significant differences (P < 0.05) from the D-VARA group.
both the D-VARA and M-VA groups, by criteria of the sum of squares from nonlinear regression analysis conducted by WinSAAM, can be seen by comparing the observed data (points) and the model-predicted values (lines) in different tissues ( Fig. 4E-H) . The estimates of fractional transfer coefficients [L(I,J)s] and FSDs obtained from the forcing function model for the three groups are shown in Table 3 . The value for L (12, 10) indicates that fewer CM VA pools go to the liver each day in the D-VARA group and M-VA group as compared with the control group, while more CM VA pools go to the lung each day in these two treatment groups, especially in the D-VARA group, as indicated by L (13, 10) . L (15, 10) , which represents the fraction of CM VA that is taken up by carcass, was also significantly (P < 0.01) increased in both the D-VARA and M-VA groups compared with the control group. The fraction that is taken up by carcass was increased 14 times by treatment with D-VARA. Values for L (17, 10) , the fraction of CM VA taken up by the intestine each day, were 10.2 for the control group and 797 for the D-VARA group. In contrast, for M-VA pups, the value was 0. L(0,12) and L(0,15), which represent the fraction of the retinol tracer dose derived from CM/CM remnant that leaves the liver and carcass each day, respectively, were greatly decreased (P < 0.01) in the two treatment groups, especially in the M-VA group, indicating that both the D-VARA and M-VA treatments slowed the turnover of CM-derived VA in the liver and the carcass.
As indicated by values for L(2,1), L(3,1), L(5,1), and L(7,1), the D-VARA treatment reduced the fraction of retinol-RBP that was taken up by the liver each day, as compared with the control group, while this treatment significantly (P < 0.05) increased the fraction taken up by the lungs, carcass, and intestine. These same fractional transfer coefficients indicate that M-VA decreased the pools of retinol-RBP going to the liver, lung, and carcass. Values for L(0,2), L(0,3), and L(0,5) indicate that D-VARA greatly decreased (P < 0.01) the fraction of retinol-RBP turnover out of the liver each day, but significantly increased (P < 0.05) the fraction of retinol-RBP turnover out of the lungs and the carcass. In M-VA pups, the lower values for L(0,2), L(0,3), and L(0,5) indicate that fewer RBP-retinol pools leave the liver, the lung, and the carcass each day. From these results, we infer that the hepatic uptake and metabolism of retinol-RBP was reduced by both treatments, and the uptake and turnover of retinol-RBP in the lung and in the carcass was accelerated by the direct treatment with D-VARA, but was slowed by the indirect M-VA supplementation.
DISCUSSION
In this study, we investigated how VA supplementation given directly to pups versus indirectly as increased dietary VA intake provided to dams affects VA status and retinol kinetics in neonatal rats by conducting tracer kinetic experiments and model-based compartmental analysis. We found that both strategies, D-VARA and M-VA, improved the VA status of the rat pups and altered whole-body retinol kinetics, neonatal rats. The D-VARA treatment and M-VA supplementation dramatically decreased the retinol recycling numbers to 17 and 5, respectively.
Contribution of different tissues to VA uptake and trafficking
The contribution of different tissues to whole-body VA kinetics and the trafficking of VA between plasma and organs can be studied through compartmental models developed for individual tissues. We developed individual tissue models by applying the "forcing function" option in WinSAAM. This approach is based on the fact that plasma is the sole source of VA to individual organs, except for stomach and intestine. As a result, individual organs can be uncoupled from the whole system and modeled individually based on the plasma tracer response profile and tracer data from the organ. Details of the development of individual tissue models with forcing function can be found in our previous publication (14) . Figure 4A -D shows the individual models developed for four main tissues of VA metabolism: liver, lung, intestine, and carcass. Models established for liver, lung, and carcass are similar. The model for liver will be presented as an example. Compartment 12 represents retinyl ester that is taken up by the liver from plasma CM remnants (compartment 10) and compartment 2 represents liver VA that exchanges with plasma retinol (compartment 1). The tracer data for liver were assigned to compartment 12 plus compartment 2. For the intestine, because plasma is not the sole source of VA, the model includes compartment 17, which represents the processing of newly ingested VA in the intestine and compartment 7, the intestinal VA that exchanges with plasma retinol (compartment 1). To fit the intestine tracer data, an input from compartment 10 [L (17, 10) ] was necessary, indicating that there is some uptake of CM VA by the intestine. The fit of the proposed models to the data in The model is shown in Fig. 3 . Oil values taken from (13) . a Parameters shown are: mean transit time [t (5) ], or the mean of the time that a retinol molecule spends in compartment 5 (plasma retinol-RBP) during a single transit before leaving reversibly or irreversibly; mean transit time [t (6) ], or the mean of the time that a retinol molecule spends in compartment 6 (extravascular tissue retinol) during a single transit before leaving reversibly or irreversibly; mean residence time [T (5, 5) ], or the average of the distribution of times that a molecule of retinol spends in compartment 5 (plasma retinol-RBP) before it leaves irreversibly; FCR (5, 5) , or the fraction of the plasma retinol pool that is utilized each day; recycling number [ (5) ], or the average number of times a retinol molecule recycles through compartment 5 (plasma retinol-RBP) before it irreversibly exits from it. 4 h after dosing. However, the effect was transient. By 2 days after dosing, the effect of VARA treatment on plasma retinol disappeared, and there was no apparent impact of VARA supplementation on tissue retinol concentration in the liver and lungs after 4 days. In the current study, the two-times treatment with D-VARA was given in advance of the tracer dose to build tissue retinol stores before administration of the labeled retinol, to resemble a VA-adequate status. Pups in this group already had a liver retinol concentration of 0.1 mol/g at day 0 (P4). D-VARA dramatically increased liver and lung retinol concentration in the first 8-11 days. The liver total retinol concentration of pups in this group was 0.1-0.4 mol/g before 11 days, so they maintained an adequate VA status for most of the study period. However, liver and lung retinol total concentrations declined gradually after 8 days and returned to a level similar to that in control pups at the end of the study. On the other hand, M-VA, which provided an adequate intake of VA to the mother beginning at and continuing throughout lactation, increased the liver and lung total retinol concentrations of the neonates progressively, from 0.06 mol/g on day 0 to 0.4 mol/g at the end of the study. M-VA greatly and consistently increased milk VA content, the only source of dietary VA for the pups, as was but the results differed between these two treatments, as well as from that of oil-treated unsupplemented neonates.
Neonatal rats in the control (oil) group (13, 14) and those in the D-VARA group from the current study were nursed by dams fed a VA-marginal diet to resemble the VA status of at-risk newborn infants in low-income countries where VA deficiency is still a significant public health problem, or in low birth weight infants in the US (7) . The dams in the M-VA group were also fed VA-marginal diet until the pups were born and, thu,s the VA status of the dams of all of the pups was the same prior to birth. Based on total retinol measurements ( Fig. 1) , the control pups had a marginal to adequate plasma VA level according to the criteria used for adults (27) , while their liver retinol concentration (0.04 mol/g) indicated a marginal VA status, as expected. Indeed, as noted previously (13) , such values would be considered deficient in older animals. Our previous study showed that a one-time supplementation with VARA, given simultaneously with the oral [ 3 H] retinol dose, had a dramatic effect on increasing retinol mass in plasma, liver, and lungs (13) . At day 1 after dosing, liver retinol mass started to show a significant difference as compared with that in the control group, while a significant increase in lung retinol mass was detected as early as could be combined to benefit neonates rapidly and to provide a longer sustained improvement in VA intake.
In the current study, we explored the impacts of different VA supplementation strategies on VA metabolism and kinetics in neonates, which could potentially provide scientific basis on the understanding of the effects of these supplements on VA status. Our results indicated that VA kinetics in neonates were also dramatically and differently altered by the D-VARA dosing and M-VA supplementation. Tracer kinetic curves (Fig. 2) showed that both methods of VA supplementation stimulated the uptake of [ 3 H] retinol from plasma into liver and lungs. It has been reported that VARA upregulates the mRNA expression of the gene, STRA6 ("stimulated by RA gene 6"), which is responsible for the uptake of retinol in the neonatal lung (29) . This could explain the stimulation of retinol uptake by the D-VARA dosing. It has also been reported that the expression of lecithin:retinol acyltransferase, which is responsible for the esterification and storage of retinol, is higher in liver and lungs in rats with VA-adequate status compared with VA-marginal or VA-deficient rats (30) . This might explain why more VA was taken up by the liver and lungs in M-VA pups, possibly for storage. Ross et al. (30) reported that the level of expression of lecithin:retinol acyltransferase in rat liver is VA deficient < VA marginal < VA adequate < VA supplemented < RA-treated, which is consistent with our finding that the fraction of dose in neonatal liver is D-VARA treated > M-VA (mothers fed VAadequate diet) > oil treated (mothers fed VA-marginal diet). It is worth mentioning that the fraction of dose remaining in the carcass was much lower in the M-VA group, as compared with the other groups, from 4 days to 10 days expected. From these data, we infer that high-dose D-VARA supplementation to neonatal rats has a dramatic but transient effect, while dietary M-VA supplementation to lactating mothers has a gradually increasing and sustained effect on improving VA status in the offspring.
Improving the VA status of neonates and infants could potentially save the greatest number of lives because infants are at higher risk of mortality than older children (17) . However, as mentioned earlier, WHO has no policy regarding VA supplementation of infants <6 months of age. Our results indicate that the effects of high dose VA treatment directly given to neonates on improving their VA status are dramatic but transient. Previous reports on children 6-59 months of age also indicated that high dose VA supplementation had a positive but transient effect on serum retinol level (28) . Repeated high-dose treatments could be considered, but would add the concern of VA toxicity. In comparison, VA supplementation of the mother during lactation seems more sustained, effective, and safe. It is known that mother's milk is the best dietary VA source for the neonates and the infants and that the VA content of the milk is dependent on the mother's VA status (17) . As shown in our study, when the diet offered to mothers was switched from VA-marginal to VA-adequate, the VA content in the milk was rapidly and significantly increased. Thus, our study suggests that VA supplementation to lactating mothers should be an effective way to increase the VA content in the breastmilk and improve the VA status of the neonates and infants. For severe VA deficiency in neonates and infants, however, VA supplementation to lactating mothers might not be sufficiently rapid. In such cases, direct and maternal VA supplementation Because neonates presumably have a high requirement for VA but are born with low VA status, we speculate that the uptake of CM VA by extrahepatic tissues in neonates is an adaptive mechanism to make VA more readily available for utilization by these tissues. It was previously reported that LPL is able to catalyze the hydrolysis of retinyl esters in CMs and may facilitate the uptake of retinol by these tissues in adult rats (34, 35) . It is likely that LPL contributes to CM VA uptake by extrahepatic tissues in neonates as in adults. It has been shown that the activity of LPL in rat lung, brown adipose tissue, skeletal muscle, and heart muscle increased substantially during the first 24 h after birth and the activity in skeletal muscle and brown adipose tissue was highest during suckling compared with other periods of life (36) . The VARA treatments in our study, especially the RA component, might stimulate the uptake of CM VA by extrahepatic tissues by increasing the expression and/or activity of LPL in these tissues. This can also explain the less significant stimulation of CM VA uptake by the lungs and carcass of pups in the M-VA group, which did not receive RA doses. In addition, for these pups with VA adequate status, the adaptive mechanism to make VA more readily available for neonatal extrahepatic tissues by increasing CM VA uptake might not be necessary.
Results for the intestine in both our previous and current studies are very interesting. As shown in Fig. 3G , a rise in radioactivity in the intestine was observed in the first several hours in the control group and D-VARA group, as observed for the other tissues except the stomach, followed by a decrease. That rise was also observed in the VARA group in our previous study (14) . Because both the intestinal content and the intestinal wall were analyzed for radioactivity, the rise could not be attributed to delayed absorption. The kinetic curve for the stomach (Fig. 3F) shows that radioactivity declined rapidly and there was no delay in the emptying of the VA. A delay in stomach emptying was thus not the explanation for the rise in radioactivity in the intestine. We then considered the possibilities of enterohepatic circulation and the recycling of CM VA to the intestine to account for the rise in radioactivity when modeling the intestine tracer data. As discussed in our previous publication (14) , we found that to obtain a good fit for kinetic data for the intestine, it was necessary to include uptake of CM VA, after absorption, back to the intestine. As shown for the individual tissue model (Fig. 4A-D) , we used L(17,10) to represent the uptake of CM VA by the intestine. Previous results (14) showed that a single VARA treatment dramatically stimulated the uptake of CM VA by the intestine, estimated as 31.8% of CM VA total uptake in VARA-treated pups, compared with 4.68% in the oil-treated group. D-VARA dosing in the present study also dramatically stimulated the uptake of CM VA by the intestine (Table 3) , as mentioned. It has been previously reported that RA administered either iv or as a pellet had significant trophic effects in bowel-resected rats (37) . The effects of D-VARA treatments on the kinetics of retinol flux between plasma and intestinal pools might indicate a positive influence of VA on intestinal maturation. Interestingly, the rise in radioactivity in the first several hours was not observed in the M-VA group, in which radioactivity after dosing. Our previous results indicate that, when pups are under VA-marginal status, carcass (primarily composed of skin, bone, muscle, adipose tissue, brain, etc.) seems to play a more important role in retinol turnover (14) . The current finding might indicate that the role of the carcass is diminished when pups have adequate VA status.
The multi-compartmental model, as viewed from the plasma space (Fig. 3A) , predicted that the time that retinol spends in plasma before irreversible disposal was decreased in both treatment groups ( Table 2 ). This finding is consistent with the prediction that the uptake and storage of VA in extrahepatic tissues are stimulated by these treatments, so that each retinol molecule spent less time in plasma. One interesting finding is that the recycling number for retinol between plasma and tissues was greatly decreased in the two treatment groups in our current study. The recycling number in the D-VARA and M-VA groups was 17 and 5, respectively, while it was 144 in the control group. The recycling number of retinol among plasma, liver, and extrahepatic tissues in adult rats is 12-13 (31, 32) . Previously, we concluded that the more extensive recycling of retinol in pups with VA marginal status in the control group, as compared with adults, might be an adaptive mechanism to the lower VA level in pups (33) . It might make retinol more available when tissue demands for retinol increase. Current results indicate that, when VA status of pups was boosted to being adequate in the D-VARA and M-VA groups, recycling was decreased to a much lower level, similar to that in adults. The molecular mechanism responsible for this finding is unknown and is worth further investigation.
The compartmental models developed for individual tissues (Fig. 4A-D) shed light on the contribution of different tissues to whole-body VA kinetics. Our previous results showed that neonatal extrahepatic tissues play an important role in clearing CM VA and that giving VARA to neonates dramatically stimulated the uptake of CM VA by the extrahepatic tissues, especially the lungs, the intestine, and remaining carcass (14) . Approximately 48% of CM VA was taken up by extrahepatic tissues in control pups; whereas in VARA-treated pups, liver took up only 22% of plasma retinyl ester and 78% was taken up by extrahepatic tissues (14) . The current study showed that the uptake of CM VA by the lungs, carcass, and intestine was also significantly stimulated by D-VARA (Table 3 ). Kinetic curves (Fig. 2) showed that the peak fraction of dose in intestine and carcass was dramatically increased by D-VARA: from 4.3% in the control group to 40% and from 11% in the control group to 46%, respectively. Thus, the VARA treatment given to neonates, no matter whether simultaneously with the tracer as in our previous study or in advance of the tracer as in the present study, dramatically stimulated the uptake of CM VA. The stimulation was also observed in the lungs and carcass of M-VA pups, but less significantly, and there was no uptake of CM VA by the intestine in those pups. These results indicate that VA supplementation and differences in VA status, which may result from the mother, can dramatically affect VA trafficking to different tissues in neonates. was highest at the earliest point and then steadily declined (Fig. 3G) . The model predicated that L(17,10) is 0, indicating that there is no uptake of CM VA by the intestine in those neonates nursed by mothers whose diet was switched from VA-marginal to VA-adequate at the time of delivery. Future experiments focusing on the metabolism of CM VA may provide new insights into neonatal VA intestinal physiology.
In conclusion, the two methods of VA supplementation we have tested differed in their impact on neonatal tissue VA concentrations, and in the kinetics of plasma retinol turnover and its exchange with target organs. The results from the M-VA group suggest that indirect supplementation may offer advantages for a sustained impact on neonatal VA status.
